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Abstract

In this work a simple and general procedure, for optimally scaling-up exothermic semibatch
processes, has been applied to the analysis of a nitration reaction performed in the agrochemical
industry for the production of an important class of herbicides. Such a reaction is performed in
indirectly cooled semibatch reactors in which the species to be nitrated is added to a mixture of
sulfuric and nitric acid, forming an heterogeneous (liquid-liquid) system. Adiabatic calorimetric
experiments performed in an ARC equipment showed that the reaction in question belongs to the
most critical class of exothermic reaction processes, for which maximum attainable temperature due
to synthesis reaction (MTSR) is, at the same time, higher than system decomposition temperature
and lower than boiling temperature of the reaction mass. It has been verified, through reaction
calorimetry experiments (performed in an RC1 equipment), that the optimization — scale-up
procedure previously developed allows, with a minimum calculation and experimental effort, both
for a selection, at laboratory scale, of operating conditions characterized by a rapid coreactant
consumption and for their safe scale-up, maximizing industrial reactor productivity.

Keywords: Semibatch reactors; Safe scale-up; Productivity; 4-chloro benzotrifluoride; 4-chloro, 3-
nitro benzotrifluoride; Industrial process.
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1. Introduction

In fine chemical and pharmaceutical industry relatively fast and exothermic reactions (whose
critical level with respect to runaway phenomena is usually classified through Stoessel’s scale') are
typically performed in indirectly cooled semibatch reactors (SBRs), in which conversion rate can be
controlled by dosing one of the reactants (called coreactant) at a sufficiently low rate so that cooling
system can remove the heat evolved. Under such conditions, coreactant accumulation in the system
is effectively hindered and danger of a reaction thermal loss of control is consequently minimized.
Operating the process under a low coreactant accumulation is of particular importance when dealing
with reaction systems -such as nitrations- which can undergo strongly exothermic and gas
producing decomposition events above a threshold temperature, implying dangerous
overpressurizations of the reaction vessel.

In process safety literature of the last thirty years a number of simple criteria for preventing
coreactant accumulation in exothermic SBRs have been developed”'> **7%. These criteria can be
based on thermal effects related to accumulation phenomena: actual temperature-time profile is
compared with a target one, arising from low accumulation and high cooling efficiency operating
conditions. On this basis different reactor thermal behaviors can be represented in a suitable
dimensionless space in which a line can be identified bounding a region where excessive coreactant
accumulation occurs. Such diagrams -called boundary diagrams (BDs)- allow end users for a simple

16-18 _ -
with a

selection, at laboratory scale, of sufficiently low accumulation operating conditions
minimum experimental effort, mainly consisting in a reliable kinetic characterization of the reaction
system (performed through e.g. adiabatic calorimetric experimentslg), which is of crucial
importance for a reliable application of the method®'"'*'*.

However, the real problem to be faced when dealing with a number of exothermic semibatch
processes of industrial relevance is that they can undergo undesired events above a Maximum

Allowable Temperature (in the following referred to as MAT), which is typically related either to

safety or selectivity constraints. Moreover, limiting accumulation phenomena can be just a
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necessary but not a sufficient condition to prevent the exceeding of a threshold temperature. So the
usage of target temperature-time profile as a peak reaction temperature estimation can lead to the
selection of reactor operating conditions which may significantly lower industrial reactor
productivity. For these reasons Maestri and Rota®'? developed a new typology of diagrams -called
temperature diagrams (TDs)- which, on the basis of the same set of dimensionless parameters
involved in boundary diagrams, allow end users for a simple check on maximum reactor
temperature expected, to be compared with the experimentally determined MAT constraint.
Recently, the method of boundary and temperature diagrams has been extended, by Maestri and
Rota®, to homogeneous SBRs which exhibit an autocatalytic behavior and, consequently, safety
criteria developed for non-autocatalytic reaction systems can not be applied”*"”.

Once a set of safe operating conditions for a semibatch reaction process has been identified at
laboratory scale, through the aforementioned criteria, selected process parameters must be then
safely scaled-up to full scale reactor, whose productivity must be maximized. Such a problem had
not been specifically faced in the existing literature through the same simple and general approach
as which employed for process safety analysis performed at laboratory scale. For these reasons
Maestri et al.> developed a simple optimization — scale-up procedure which, on the basis of
generalized forms of boundary and temperature diagrams (called, respectively, Inherently Safe
Conditions (ISC) and Temperature Rise Curve (TRC) diagrams), allows end users for safely
scaling-up operating conditions selected at laboratory scale to full plant scale maximizing industrial
reactor productivity.

In this work such a procedure is applied to the analysis of a nitration process performed in the
agrochemical industry, that is the nitration, through mixed acids, of 4-chloro benzotrifluoride (in the
following referred to as 4-chloro BTF) to 4-chloro, 3-nitro benzotrifluoride (in the following
referred to as 4-chloro, 3-nitro BTF) for the synthesis of 2,6-dinitro, 4-trifluoromethyl
dialkylanilines, widely employed as herbicides. The reaction in question corresponds to the top

level in Stoessel’s classification of runaway reactions', for which synthesis reaction thermal loss of
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control implies the triggering of dangerous decompositions of reaction mass, without any tempering
effect due to solvent evaporation.

After preliminary DSC characterizations of the involved chemical species, thermal stability of
reaction mass has been investigated through adiabatic calorimetric experiments. Then, microkinetic
parameters have been estimated through reaction calorimetry experiments performed under
kinetically controlled conditions. The general optimization — scale-up procedure developed in the
first part of this work” has been, then, applied both to the selection of safe operating conditions at
laboratory scale (obtaining a good agreement with experimental results) and to the optimum scale-
up (for what concerns industrial reactor productivity) of the selected set of process parameters.
Identified scaled-up conditions have been found to be consistent with results of more detailed
mathematical modeling.

2. Reaction system

Many issues about aromatic nitrations in mixed acids remain without exhaustive responses, despite
the fact that nitrations were among the earliest processes to be operative on large scale when heavy
organic chemical industry developed at the beginning of the last century'’. The dynamic behavior of
an aromatic nitration in mixed acids involves a number of problems related to simultaneous
interphase and intraphase mass transfer phenomena (if the synthesis is carried out with reactants in

stoichiometric quantities)zl’22

. These phenomena lead to complex problems during characterization
and scale-up of such processes, mainly arising from the interdependence among fluid properties
(e.g., viscosities, densities, interfacial surface properties, diffusion coefficients and distribution
coefficients among the phases), operating conditions (temperatures) and equipment characteristics

2224 : .25
, such as those ones related to phase inversion

(e.g., impeller kind and size, reactor geometry)
and agitator speed®. Since for the system investigated in this work one of the inorganic acids
(namely, the sulphuric one) acts also as a solvent and it is present in large excess, the first problem

can be avoided by feeding the reactor with mixed acids as initial reactant. The second one strongly

influences heat and mass transfer efficiencies so, in order to operate under kinetically controlled
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regime (where no heat or mass transfer limitations lower the overall conversion of the process), it is
necessary to work with agitator speed sufficiently high. Above a certain speed value, no more
effects of heat and mass transfer limitations on heat reactor flux are observed. In such conditions a
perfectly macromixed reaction mass is formed, no phase separation effects should occur and the
characteristic time of mass and heat transfer phenomena is much lower than that characteristic of
the reaction. However, aromatic nitrations develop high heat of reaction and are often accompanied
by undesirable reactions which have produced a considerable number of accidents>” **. Therefore, a
deep understanding of this kind of problems is very important to design and operate safely nitration
plants.

In fine chemical and pharma industry, aromatic nitrations are normally carried out in indirectly
cooled SBRs with intensive stirring, in order to achieve high heat and mass transfer efficiencies. In
the present case, the species to be nitrated (that is, 4-chloro BTF) is added to a mixture of sulfuric
and nitric acid in which sulfuric acid acts both as a solvent and as a dehydrating agent vs. nitric acid
to form the nitronium ion, NO,', which is the electrophilic species reacting with the aromatic ring.

The overall reaction, taking place in the continuous acid phase, is:
CF
CF, H,SO, 8
+ HNO, + HO
Cl Cl

4-chloro BTF + HNO3; — 4-chloro, 3-nitro BTF + H,0

In absence of transfer limitations, reaction rate of (1) equals the overall conversion rate of the
aromatic species to the nitrocompound (limiting step)'”.

Conversely, the macrokinetic of the process would be controlled by one of the following steps'®':
intraphase diffusion of the aromatic compound from the bulk of the organic phase to the

interface: diffusion through the first boundary layer;

interphase diffusion of the aromatic compounds at the interface;
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intraphase diffusion of the aromatic compound from the interface to the bulk of the aqueous
phase;

diffusion of the nitro derivative compound towards the organic phase.
In this work the system analyzed has been considered as an heterogeneous (liquid-liquid) system
operating in the slow reaction regime, which is known to be the most hazardous one.

3. Safety analysis

In the first part of this work®, a simple and general optimization — scale-up procedure for
exothermic SBRs, operating under Quick onset-Fair conversion-Smooth temperature profile (QFS)
conditions®, has been developed. Such a procedure allows end users for an easy selection of reactor
operating conditions implying both a sufficiently low coreactant accumulation and a peak reaction
temperature lower than a threshold value (MAT), typically arising either from safety or selectivity
constraints.

The use of such a procedure is based on two different typologies of diagram: Temperature Rise
Curve diagrams (TRC) and Inherently Safe Conditions diagrams (ISC). The first ones are a
generalized form of temperature diagrams, generated in the same space, dimensionless temperature
rise, ¥, vs. exothermicity number, E,, and accounting for the maximum allowable temperature for
the analyzed process. The second ones are a simplified form of boundary diagrams (reactivity
number, Ry qgrs, vs. cooling number, Co) providing a safe check on coreactant accumulation. The
most important dimensionless parameters appearing in such diagrams are: an exothermicity number,
E,, related to reaction enthalpy, and a reactivity number, Ry, depending on initial sensitivity of
reaction rate with respect to temperature.

For the reaction system in question exothermicity number is equal to:

c__E AT,
“" RT2, £(Co+R,)

2)
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whereas reactivity number (for reactions orders equal to 1 for both the reactants) can be computed
through the following expressions, under kinetically (equation 3) or diffusion (equation 4)

controlled operating conditions respectively:

k|To 1 CHNO3 0My_chioroBTF

= 3
g £(Co+R,) ®)
kl/z T 'tDCI/ZHNOz’Om4—chI0roBTF '6/ db,O Déll/—zchloroBTF
R =—o" (4)
£(Co+R,)

A determined set of reactor operating conditions (individuated by E, and R, calculation) can be
adopted if both the following constraints are fulfilled:

- reactivity number, Ry, higher than a threshold value, Ry s, evaluated, at the current cooling
number, Co, through the graphical correlation provided by the Inherently Safe Conditions
diagram (ISC) of Figure 1;

-  maximum peak reaction temperature, as estimated through the general temperature rise
curve (TRC) represented in Figure 2 sufficiently lower than MAT.

4. Experimental Techniques and Procedures

In this section all the employed experimental techniques and procedures are briefly summarized.

4.1 Differential Scanning Calorimetry (DSC)

This calorimetric technique allows for reagents and products thermochemical characterization by
comparing the thermal behavior of a sample with that of a reference.

Particularly, sample and reference are heating increasing their temperature at constant rate:
whenever a chemical (and/or a physical) process occurs into the sample, the heat released or
absorbed (according to the fact that a process could be exothermic or endothermic) will tend to
increase or decrease sample temperature. The result is a temperature difference between sample and
reference. The instrument task is to balance this temperature difference with an appropriate
electrical power which regulates reference temperature. The evaluation of this electrical power is a

direct measure of the energy dues to transformation occurred in the sample. In this way, the
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instrument is able to record the rate at which the sample develops or absorbs heat (dQ/dt) during the
transformation and to generate characteristic diagrams which report heat power exchanged between
sample and reference versus temperature (dQ/dt vs T) or time (dQ/dt vs t). These diagrams show the
number and the characteristics of all thermal effects, the temperatures (or time) at which these
effects take place and, finally, the importance of these ones (the pick area of diagram dQ/dt vs time
is proportional to the energy associated to the transformation).

All DSC tests performed in this work has been carried out using a sample heating rate of 10 °C/min
and medium pressure viton/120 uLL sample holders. The investigated temperature range has been 30
—280 °C.

4.2 Accelerating Rate Calorimeter (ARC)

ARC, produced by the Columbia Scientific Instruments, is an adiabatic calorimeter controlled by a
microprocessor and a data system of analysis particularly suitable to study homogeneous reacting
systems subject to decomposition. It is composed by the following items: a spherical sample holder,
built of Hastelloy C and placed in an insulated vessel; a radiant heater, which rises sample
temperature up to a fixed value; a thermocouple fixed to the sample holder wall and employed to
record sample temperature; an insulated covering (jacket) with three thermocouples and eight
heaters (this configuration guarantees to heat up the oven with the same rate as the sample holder
during an exothermic reaction); a capillary tube which links sample holder to a pressure transducer.
Two different typologies of experiments can be performed by ARC:

- “iso-aging” test: the instrument keeps the sample in isothermal conditions until an exothermic
effect is detected, then the test continues in adiabatic mode;

- dynamic standard “HEAT” — “WAIT” — “SEARCH” (HWS) test: the sample is warmed up
(“HEAT”) by a radiant heater at a desired temperature, then the instrument wait (“WAIT”) until all
temperatures are stabilized and, finally, it starts to search for exothermic effects (“SEARCH”),
namely a self heating rate of reaction mass into the sample larger than 0.02 °C/min. This research

terminates either when a predetermined time is passed (10 min) or a sample self heating rate which
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exceeds 0.02 °C/min is detected. If an exothermic reaction is revealed, the instrument collects
automatically temperature and pressure data in function of time, shifting to adiabatic mode until the
reaction ends (self-heating rate lower than the fixed limit). If an exothermic reaction is not revealed
a new sequence of HWS is started at higher temperature. From a single ARC test it is possible to
obtain several information, such as: initial and end temperature of any detected exothermic effects;
sample self-heating rate at any temperature; adiabatic temperature increase; pressure at any
temperature; pressure increase rate.

Results obtained are strictly dependent by sample holder thermal inertia, ®@. Consequently,
experimental data have to be corrected to take into account this effect.

Temperature and pressure operative ranges between the different test typologies may be conduced
varying from 25 to 500 °C and from 1 to 170 bar.

4.3 Reaction calorimeter (RC1)

This calorimeter is a laboratory reactor of 1.2 liters capacity, equipped with an external jacket to
heat or cool the reaction mass. Instruments are controlled by a software which allows to obtain,
through calibration procedures, chemical and physical system properties of interest. The calorimeter
may operate in three different modes:

- Tj-mode: calorimeter controls jacket temperature;

- Tr-mode: calorimeter controls reactor temperature;

- Adiabatic mode: calorimeter controls the difference between jacket and reactor temperature.
In this work, RC1 has been used in two different modes: adiabatic (to find microkinetic rate
expression) and Tj-mode (to simulate the system behaviour in isoperibolic conditions).

To heat or cool the reaction mass, through a proportional or integral-proportional controller,
calorimeter mixes two silicon oils at two different temperatures (low temperature oil and high
temperature oil); this “oils mixture” is sent to the reactor jacket. Low temperature oil is obtained by

a cryostat circuit and high temperature oil is obtained by an electrical resistance of 2 kW.
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Calorimeter is equipped with a thermocouple and a calibration probe, which is necessary in order to
determine the global heat transfer coefficient.

5. Optimization — scale-up procedure

In order to identify safe and productive operating conditions, with a minimum experimental effort,
the optimization — scale-up procedure, discussed in the first part of this work?, has been used as
summarized in the following five steps.

5.1 Calorimetric screening tests

Nitrocompounds incorporate in their chemical structure both an oxidizing group and an organic
substrate which may be oxidized. It is therefore crucial to perform a preliminary investigation of the
thermal stability of species and mixtures involved in the process. Such an analysis can be carried
out first theoretically (that is, through suitable softwares such as the CHETAH package of ASTM™)
and then experimentally (through e.g. DSC measurements).

For what concern theoretical analysis, the aforementioned CHETAH software of ASTM has been
used to estimate relative thermal stability of aromatic reactants and products. Even if CHETAH is a
gas phase thermodynamic estimation tool it provides reasonably results about thermal stability of
liquid species. CHETAH, through combination of a number of criteria involving heat of
decomposition, heat of combustion and oxygen stoichiometric balance for molecules, assigns to
each chemical species an energy release potential (ERP): the lower the ERP value is, the higher the
thermal instability of substance is. In the present case, a lower ERP value for 4-chloro, 3-nitro BTF
(-0.548 — High instability) than for 4-chloro BTF (0.314 — Low instability) has been calculated,
hence confirming an expected lower thermal stability of nitrocompound.

DSC standard tests have been performed on 4-chloro BTF and its nitroderivative and they are
reported in Figure 3 for static air and nitrogen, respectively. It can be observed that both the
substances are stable in static air (no oxidative phenomena occur) and in nitrogen in all the explored

temperature range. However, since thermal stability of nitrocomponunds can be greatly influenced
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. . . . . . . 27. 2
by a number of chemical species (in particular by sulfuric acid, even in traces®”” *°

), it is crucial to
perform a thermal stability characterization also of the actual reaction mixture.

Consequently, reacting mixture stability has been analyzed through a standard HWS test in an ARC
equipment. Average reaction mass heat capacity (equal to 1.35 kJ/(kg K)) and reaction enthalpy
(equal to 150.1 kJ/mol) have been preliminary determined by calibration in an RC1 equipment.
Figure 4 shows temperature and pressure profiles measured in the ARC experiment. Two
exothermic effects can be recognized: the first one, occurring at 80°C, is related to a partial
dinitration of the product (due to the slight nitric acid excess under which the synthesis is carried
out) and it is characterized, under the operating conditions of the test, by an adiabatic temperature
rise of only 5°C; the second one, occurring at 141°C, is strongly exothermic and implies a huge
pressure increase due to the decomposition of reaction mass with production of permanent gases. It
can be concluded that a decomposition of final reacting mixture is detected at 141°C: this
phenomenon had not been detected for pure species thus confirming, once more, that thermal
instability of a reaction product can be enhanced by other components present into the reacting
mixture and, when dealing with nitration processes carried out in mixed acids, by sulfuric and nitric
acid’”%.

In Table 1 the main parameters computed from the ARC experiment results are reported. These
values have been corrected according to the calorimeter thermal inertia, as summarized in a value of
the @ factor, which is the ratio of the sum of sample and calorimeter heat capacity with respect to
sample heat capacity.

On the basis of detected decomposition temperature (which is equal to 141°C) and solvent boiling
point (which, for sulfuric acid, is equal to 290°C) it can be concluded that the reaction in question
belongs to the top level of Stoessel’s classification of runaway reactions', for which reaction

thermal loss of control can lead to the triggering of a decomposition event without any tempering

effect due to the solvent evaporation.
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5.2 Adiabatic Reaction Calorimetry

Microkinetic parameters of 4-Cl BTF nitration reaction have been estimated through adiabatic
calorimetric experiments in an RC1 equipment.

First of all some preliminary tests have been performed in an ARC calorimeter (which is equipped

with a magnetic stirrer mostly suitable for homogeneous solutions®” *°

), at different agitator speed,
by one shot dosing of 4-Cl BTF on mixed acids. Since such experiments showed that, changing the
stirring rate from 100 up to 500 rpm results change, as can be seen by Figure 5, an adiabatic test for
estimating microkinetic parameters has been performed in an RC1 calorimeter, where a much larger
stirring efficiency is achievable.

Calibration tests carried out with the initial and final reaction mixtures led to an average value of
the overall heat transfer coefficient equal to 110W/(m* K). The adiabatic experiment has been
carried out loading into the calorimeter 149¢g of a 4:1 by weight ratio mixture of sulfuric to nitric
acid, further diluted with 830g of 98% wt. sulfuric acid in order to limit the adiabatic temperature
rise by 40°C for safety reasons. 80.8g of 4-chloro BTF have been then dosed over a 2s period and at
a stirring speed equal to 500rpm. The temperature vs. time experimental data have been then fitted
through BatchCAD® process simulation software in which a detailed mathematical model of the
reaction system was previously set. The best fit of experimental temperature vs. time data has been

obtained for the set of microkinetic parameters resulting in the following rate of reaction
expression:

r=k- C4—ch|0roBTF,cCHNO3 c (5)

where k=3.228-10"" exp(~87260/RT) is the rate constant of reaction (1) and the units are kJ,
kmol, K, m*, s. A comparison between experimental and fitted data is shown in Figure 6.

Finally, when dealing with an heterogeneous (liquid-liquid) system, a theoretical control on Hatta,
Ha, and Hinterland, Al, number values must be performed in order to establish if the system
operates under kinetically controlled, or slow, regime (that is, with a negligible influence of
interphase mass transfer phenomena on the overall conversion rate). In particular slow reaction
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regime is characterized by Ha<0.3 and AlxHa’<<1?*. In our cases, at the beginning of the synthesis,
Ha=0.2 and AlxHa’= 0.01, hence confirming that the process operates under slow reaction regime
since the beginning of the synthesis.

5.3 Optimum dosing time at laboratory scale

Knowing process recipe and fixing initial reactor temperature, Ty, at 310 K (since reaction product
can undergo a further nitration, initial reaction temperatures, when nitric acid concentration is still
high, must not exceed 40°C) TRC and ISC diagrams can be used to identify safe and productive
operating conditions at the RC1 scale. As a first step an effective MAT value (EMAT), suitably
lower than MAT value measured by the ARC test, must be selected for safety reasons. In this work
a 0.05 safety factor, toll, has been used, leading to EMAT = 393 K which corresponds to
Yemar=1.27. From this value, TRC diagram (see Figure 2) gives a corresponding maximum
acceptable value of exothermicity number, Ex pmax, which is equal to 8.2.

Then, from Eipmax expression it is possible to determine a minimum cooling number

(Coyn =T / rngx,EMAX -R,) equal to 4.5 and, finally, a minimum dosing time
(tonm rer = COun e Co oV, & / (UA), ) equal to 636 s (about 10 min). From this calculated tp vk

value it is possible to evaluate a system reactivity number, Ry rci, equal to 0.0623 which is larger
than the correspondent Ry qors value, evaluated at Commv = 4.5, on ISC diagram (which is equal to
0.0550, see Figure 1). All the operative parameters are summarized in Table 2.

5.4 Isoperibolic RC1 test

The operating conditions previously calculated must be validated by an RC1 test to verify if the
process operates under low coreactant accumulation conditions and with a maximum reactor
temperature lower than EMAT. Therefore, an RC1 isoperibolic test has been performed using as
dosing time that one calculated by the optimization procedure (namely, tp~11 min). Figure 7 shows
a good agreement between experimental and predicted dimensionless temperature profiles; this

confirms the reliability of the previously estimated thermo-kinetic parameters. From Figure 7 it is
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also possible to determine the maximum reactor temperature during synthesis run equal to 1.22,
which is lower than the correspondent ygrvar = 1.27; this confirms the reliability of the TRC
diagrams. Calorimetric conversion at the end of the dosing period has been calculated equal to
about 98%. This confirms that the reaction is almost finished at the end of the dosing period and no
coreactant accumulation occurs, thus supporting the reliability of the ISC diagram.

5.5 Scale-up procedure

The optimum operating conditions at laboratory scale must be then safely scaled-up to the industrial
reactor maximizing process productivity. In this work, an effectively stirred 9m’ tank reactor
equipped with a 45m” overall heat transfer surface and operating in the kinetically controlled regime
(as confirmed by the values of both Ha=0.2 and AlxHa’= 0.02 at the beginning of the synthesis,
which confirm that the process operates under slow reaction regime) has been considered, whose
main parameters are summarized in Table 3.

From the previously calculated yemat = 1.27 and through the general temperature rise correlation
represented in Figure 2, the same previous values of Ex pmax= 8.2 and Commy = 4.5 can be obtained.
From data reported in Table 3 the value of tp mmving ~ 66 min can be easily computed. This value is
consistent with that identified through time consuming trial and error computations carried out with
standard process simulation softwares, such as BatchCad®.

It should be noted that, while at laboratory scale the maximum temperature value estimated from
the initial target temperature is lower than that given by TRC and, consequently, initial target
temperature value could be used for estimating peak temperature, the opposite is true at industrial
scale where initial target temperature would provide a useless overestimation of the peak
temperature. It is interesting to note that similar, but less conservative, conclusions can be achieved
by an order of magnitude estimation using standard correlations. Since the procedure requires
cooling numbers at RC1 and industrial scales being equal and considering that they are roughly

related to each other as follows:
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COge, = Const(U b j
D Jra
(6)

Copy = COI’]St(U .tDj
D ind

if Corc1 = Coing, the ratio of industrial to laboratory dosing time is roughly proportional to the

product of two factors:

tD,ind _ Dind _URCI (7)

tD,RCl DRCI Uind

The first one (which is the ratio of industrial to laboratory reaction vessel characteristic dimension)
is always much higher than one and, mostly, implies dosing time increase when moving from
laboratory to industrial scale. In the present case, being RC1 calorimeter and industrial reactor
diameters equal to about 10 cm and 2 m respectively, such a factor is equal to about 20.

The second one (which is the ratio of laboratory to industrial effective overall heat transfer
coefficients) decreases as industrial reactor cooling efficiency increases: such a behavior is logical,
since a high reactor cooling efficiency (which is typical of reactors in which nitration with mixed

acids are performed) allows for a lower dosing time. This factor can be estimated through standard
correlation® such as: Upg, /U,y = (Lac/Lig )" (Npey /N )» L and N being the blade width and the
stirring speed respectively. Moreover, since the reactor is equipped with a jacket and a coil while

RC1 with a jacket only the factor must be divided by (1 + A / Aaset )0 , which is equal to about 3.5.
Approximating the ratio between the blade lengths at the two scales to that between the vessel
characteristic dimension it follows U g, / U, = (0.1m/2m)"*(500rpm/200rpm)~0.25.

From these considerations, an increased of a factor equal to about 5 is expected in dosing time when
moving from laboratory to full plant scale, which is of the same order of magnitude of the 66

min/11 min = 6 value obtained by the procedure.
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Through ISC of Figure 1 it can be easily verified that the scaled-up conditions are characterized by
an Ry value (which can be computed from the data reported in Table 3) equal to about 0.4 which is
much higher than the Ry ors parameter at the current Co value.

6. Sensitivity analysis

Optimization — scale-up procedure needs of a series of experimental parameters inevitably subjected
to uncertainty. In order to define how safe are the industrial reactor operating conditions arising
from such a procedure, it is necessary to perform a sensitivity analysis with respect to the
parameters subjected to some uncertainty”'. The straightest way to execute such an analysis is to
perform a numerical sensitivity analysis. However, in the first part of this work, easy checks for
heterogeneous kinetically controlled systems have been also developed, resulting in the relations
reported in Table 4 and 5. Therefore, using such relations together with the data summarized in
Table 3, it is possible to perform an analysis aimed to establish how safe are the operating
conditions selected through the optimization — scale-up procedure considered. The results are
reported in same Table 5.

As it can be easily observed from Table 5, all checks are positive when assuming a 5% uncertainty
on all the parameters of this analysis. This demonstrates that the optimization — scale-up procedure
developed is able to provide safe operating conditions without penalized process productivity.
However, it should be stressed that this conclusion relies on the assumed value for the uncertainty,
which is 5%. Larger uncertainty could lead to possible unsafe conditions, with particular regards to
the activation energy (y). In our case assuming a 10% uncertainty on all parameters but y leads to
safe operating conditions because all checks reported in Table 5 are still satisfied. For what
concerns Y it has been found that uncertainties higher than 5.5% can not be accepted because it

could imply hazardous operating conditions.

ACS Paragon FJlgs Environment



Page 17 of 38 Industrial & Engineering Chemistry Research

©CoO~NOUTA,WNPE

7. Conclusions

Nitration of 4-chloro BTF to 4-chloro, 3-nitro BTF carried out in indirectly cooled liquid-liquid
SBRs has been analyzed both experimentally through calorimetric techniques and theoretically
through the general optimization - scale-up procedure presented in the first part of this work®.

After a preliminary investigation about thermal stability of the involved chemical species and
mixtures, performed through DSC and ARC experiments respectively, reaction microkinetic
parameters have been derived through RC1 experiments.

In order to select at the laboratory scale through a minimum experimental and calculation effort
operating conditions implying both a sufficiently low 4-chloro BTF accumulation in the system and
peak reaction temperatures lower than a threshold value, the aforementioned procedure has been
used, whose predictions have been found to be consistent with experimental results.

The same procedure has been finally used to show how to perform a safe scale-up of the selected set
of reactor operating parameters to the industrial scale, maximizing industrial reactor productivity.
Finally, to estimate how safe the procedure developed is, a sensitivity analysis on the experimental
parameters subjected to uncertainty has been carried out, showing that all safety checks was
positive. Optimization — scale-up procedure developed is, consequently, safe even when the
experimentally determined parameters range in a given error interval (say +/- 5%).

Finally, it should be mentioned that in the case of aromatic nitrations many other aspects should be
carefully considered. Among the others, the possibility of starting the reaction in the fast regime and
to finish it in the slow one due to the water produced by the reaction®'**; phase inversion which
could change the controlling mechanism® and stirring aspects, which could lead to runaway in

scaled-up conditions™.
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Nomenclature

a
A

Al

ARC

BD

C

4-chloro BTF
4-chloro, 3-nitro
BTF

const

Co

Da
dQ/dt

DSC

EMAT

ERP

Industrial & Engineering Chemistry Research

volumetric specific intraphase surface, 1/m

heat transfer area of the reactor (associated to the jacket and/or the coil), m*
Hinterland ratio, - Al =(1- g)kj'_‘él_BTths / aD{"} o

Accelerated Rate Calorimeter

Boundary Diagram

molar concentration, kmol/m’

4-chloro benzotrifluoride, reactant in reaction (1)

4-chloro, 3-nitro benzotrifluoride, product of reaction (1)

constant value, -

=(UA), t; / ( PCoV, ) , cooling number, -
molar heat capacity, kJ/(kmol-K)

massive heat capacity, klJ/(kg-K)

drop diameter when hold up of the dispersed phase approaching zero, m
reaction vessel diameter, m

Diffusivity in liquid phase, m*/s

=ktpCuno3,0, Damkohler number, -

heat power released or absorbed in a DSC test

Differential Scanning Calorimetry

activation energy, kJ/kmol

= MAT(1-tall), effective maximum allowable temperature, -

energy release potential, -

exothermicity number, eq. (2), -
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1
2
2 AH reaction enthalpy, kJ/kmol
; H
a L L

? Hatta number, - Ha= \/ KC,ino, DY ere / kS, BTF,.
8
9 HNO; Nitric Acid, reactant of reaction (1)
10
g H,SO4 Sulfuric Acid, catalyst
13 .
14 H,O Water, product of reaction (1)
15
16 ISC Inherently Safe Condition Diagram
17
18 L) .
19 K4-CI-BTF phs overall mass transfer coefficient, m/s
20 . . . 3
21 k microkinetic constant, m’/(kmol s)
22
23 L Blade width, m
24
25
26 m Mass, kg
27
28 m equilibrium distribution coefficient (m4-chioro BTF=Ca-chioro BTF.c/Ca-chioro BTF.d)> -
29
32 m reaction order with respect to HNOs, -
32
33 MAT Maximum allowable temperature, °C or K
34
35 MTSR Maximum temperature achievable by the synthesis reaction, °C or K
36
g; n reaction order with respect to 4-CI-BTF, -
39 o
40 N stirring speed, rpm
41
42 NO," Nitronium ion
43
jg PID Proportional — Integral — Derivative controller
46
47 QFS Quick onset-Fair conversion-Smooth temperature profile
48
gg R reaction rate referred to the total liquid volume, kmol/(m™:s)
51
52 R gas constant = 8.314, kJ/(kmol-K)
53
54 RC1 Reaction Calorimeter
55
gs Ry heat capacity ratio, -
58 ..
59 Ry reactivity number, egs. (3) and (4), -
60

SBR Semi-Batch Reactor
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TD
Toll
TRC

T

ATad,O

(UA)o
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time, s

temperature, K

Temperature Diagram

safety parameter for MAT value: EMAT = (1-toll) MAT
Temperature Rise Curve Diagram

Reference temperature, equal to 300 K

_ (‘AH )FHNO;,O

, adiabatic temperature rise, °C or K

pc P.c

specific overall heat transfer coefficient, kW/(m? K)

overall heat transfer coefficient at initial conditions, kW/K

volume, m’

Subscripts and super scripts

Ad

4-chloro BTF

Adiabatic
continuous phase

4-chloro benzotrifluoride

4-chloro, 3-nitro BTF  4-chloro, 3-nitro benzotrifluoride

Coil
Cool

d

D
EMAT

EMAX

HNO3

Coil
Coolant
dispersed phase

dosing stream or dosing time

evaluated at the effective maximum allowable temperature (EMAT)
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maximum in correspondence of the effective maximum allowable

temperature (EMAT), in Ex gmax

nitric acid
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Ind at the industrial scale
Jacket Jacket

MAT at the maximum allowable temperature
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10 MIN Minimum, in Ex v

13 QFS in correspondence of QFS conditions, in Ry grs
15 RC1 at the RC1 scale

18 | To evaluated at initial system temperature

20 X in the exothermicity number Ex

22 Y in the reactivity number Ry

o5 0 start of the dosing period

29 Greek symbols
32 Y = E/(RT), dimensionless activation energy for reaction (1), -

34 € relative volume increase at the end of the semibatch period, -
37 € relative error in sensitivity analysis
39 9 =t/tp, dimensionless time, -

Molar density, kmol/m’

I
N
oY)

44 T =T/Ty, dimensionless temperature, -

;A ) T

=== , dimensionless adiabatic temperature rise, -
49 chP,cTrif

g; @ = [(mép )mle + (mép)cajorimaer }/(mép )mple , thermal inertia factor, -

55 ) =(Tmax/To)max,» maximum dimensionless temperature rise, -
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Starting temperature: 141 °C
Starting pressure: 1.64 bar a
Starting self heating rate: 0.384 °C/min
Final instrumental temperature: 255°C
Final instrumental pressure: 46.87 bar a
Instrumental adiabatic temperature rise: 114 °C
Calorimeter thermal inertia factor: 2.846
Adiabatic temperature rise: 325°C
Final reaction temperature: 466 °C
Decomposition enthalpy: -438 kl/kg
Time to Maximum Rate (TMR): 5h 45 min

Table 1. ARC test on final reacting mixture: thermodynamic properties of reaction mass

decomposition.
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Dimensional parameters

Dimensionless parameters

(UA),=2.487 W/K Yo = 1.27
p. = 1787 kg/m’ E, evax =8-20
Py = 1353 kg/m’ Co,, =4.50
C.. = 1.477 kJ/(kg K) y =35

Coq = 0.8690 kJ/(kg K) AT, =0.430
V, =382.9 cm’ £=0.348

V, =143.4 cm’

T, =37°C

ATy, = 129°C R, =0.0623
ty =636 R, grs = 0.0550
Cino,.0 = 2.764 kmol/m’

m =0.01

4-chloro BTF

Table 2 Operating parameters for isoperibolic RC1 experiment.
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Dimensional parameters

Dimensionless parameters

(UA),=4910 W/K Wenar =1.27
p. = 1787 kg/m’ E, cvax =8.20
B, = 1353 kg/m’ Co,, =4.50
C.. = 1.477 kJ/(kg K) y =35

Coq = 0.869 kl/(kg K) A7, =0.430
V, =4.688 m’ £=0.348

V, =1.633 m’

T, =37°C

ATy, = 129°C R, =0.387

t, =3946s R, s = 0.0550
Cino,.0 = 2.764 kmol/m’

m =0.01

4-chloro BTF

Table 3. Operating parameters for industrial reactor.
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Parameters

relative uncertainty

Checks

(UA)o R (t )> (1 —& SRY‘QFS/CO)' l(l - ‘9)' CoMIN,caJc + RH J R (CO )
y,calc \"D,MIN,calc COM|N,ca]c N RH Y,QFS MIN,calc
e=0.05 0.387 > 0.0549
e=0.1 0.387 > 0.0547
Atao Ry,calc (tD,MIN,calc) > Ry,QFS (COMIN,calc)
toll 1
&< .
1-toll S, ¢,

&= 0.05 0.387 > 0.0550 0.05 < 0.371
e=0.1 0.387 > 0.0550 0.1 <0.371
Y Y calc

Ry,calc (tD,MIN,calc)> exp[g' = j Ry,QFS(COMIN,calc)

7 cool
toll 1
£< .
1-toll S, ¢

e=0.05 0.387 > 0.299
e=0.1 0387 < 1.63
A 1

Ry,caJc (tD,MIN,caIc ) > 1—¢ ) Ry,QFS (COMIN,caJc )
e=0.05 0.387 > 0.0579
e=0.1 0.387 >0.0611

.n c

n Ry,calc(tD,MlN,caJc) > (CHNO3,0 "My _o_gre )£ e (1 —& SRy,QFS/n)Ry,QFs(Colqu,calc)

0.387 > 0.0471
e=0.05

0.387 > 0.0403
e=0.1

Table 4. Checks, for heterogeneous L-L kinetically controlled SB systems, on experimental
parameters subjected to a degree of uncertainty €. In order to consider safe operating conditions
selected using TRC and ISC optimization — scale-up procedure all checks must be positive.
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Sengitivity Index | Co<5 Co>5
U 0.0007. Co —0.0241
y.QFS 0.0007 -Co+0.0519 ~0.0241-In(Co)+0.094187
S (Commw=4.5)= 0.0571
~0.469 ~0.469
O<Ex<2 2<Ex<30

S‘¥/Ex

S (Ex,EMAX:8-2):

~1-10%-E, +891-107 - E,

~3.72-10* - E > +2.50-107 - E,

~1-102-E,* +8.91-10 - E, +1

~3.72-10* - E,” +2.50-107 - E, +1.09

0.142

Table 5. Sensitivity coefficients of Ry grs with respect to different dimensionless parameters (Co, n

and Ex) for heterogeneous L-L kinetically controlled SB systems derived from analytical

interpolation of the curves in Figures 1 and 2.
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Captionsto thefigures.

Figure 1. Inherently safe conditions of heterogeneous (liquid-liquid) SBRs in which a single non-
autocatalytic slow reaction in the continuous phase occurs. Influence of the cooling number, Co, on
the R, ors parameter. Ry=1. 0.02<Da<20, 0.05<e<0.6, 30<y<45, 0.1<At,40<0.7. Representation of
the laboratory and scaled-up operating conditions.

Figure 2. Inherently safe conditions of SBRs in which a single exothermic reaction is carried out.
Influence of the exothermicity number, E,, on the maximum temperature rise Y=(Tmax/To)max- Ru=1.
2<Co0<80, 0.75<n<2, 0.02<Da<20, 0.05<€<0.6, 30<y<45, 0.1<At,40<0.7. Representation of the
laboratory operating conditions and identification of the maximum exothermicity number, Exmax,
during the scale-up process. Straight line represents the dimensionless initial target temperature

Tta,0

equations ——=1+1.05 Lo E, with 10 and y in usual industrial ranges.
% v

Figure 3. (A) DSC thermal characterization of 4-chloro BTF in nitrogen. Sample amount: 3.57mg;
heating rate: 10°C/min; temperature range: 30-280°C.

(B) DSC thermal characterization of 4-chloro BTF in static air. Sample amount: 3.81mg; heating
rate: 10°C/min; temperature range: 30-280°C.

(C) DSC thermal characterization of 4-chloro, 3-nitro BTF in nitrogen. Sample amount: 3.92mg;
heating rate: 10°C/min; temperature range: 30-280°C.

(D) DSC thermal characterization of 4-chloro, 3-nitro BTF in static air. Sample amount: 3mg;
heating rate: 10°C/min; temperature range: 30-280°C.

Figure 4. ARC thermal characterization of final reaction mixture. Sample amount: 2.55g. Initial
temperature: 30°C.

Figure 5. Adiabatic (ARC) experiments at different stirring rate for the determination of the reaction
microkinetics.

Figure 6. Adiabatic (RC1) experiment for the determination of the reaction microkinetics. Stirring
speed: 500rpm. Experimental and best fit temperature-time profiles.

Figure 7. Experimental and simulated temperature-time profiles for operating conditions
individuated from optimization procedure at the RC1 scale.
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0.o7 T T

Ry,QFS )

Cooling number "Co" {-)

Figure 1. Inherently safe conditions of heterogeneous (liquid-liquid) SBRs in which a single non-
autocatalytic slow reaction in the continuous phase occurs. Influence of the cooling number, Co, on
the R, ors parameter. Ry=1. 0.02<Da<20, 0.05<e<0.6, 30<y<45, 0.1<At,40<0.7. Representation of
the laboratory and scaled-up operating conditions.
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33 Figure 2. Inherently safe conditions of SBRs in which a single exothermic reaction is carried out.
34 Influence of the exothermicity number, Ey, on the maximum temperature rise y=(Tmax/To)max- Ru=1.
35 2<Co0<80, 0.75<n<2, 0.02<Da<20, 0.05<e<0.6, 30<y<45, 0.1<AT,q0<0.7. Representation of the
laboratory operating conditions and identification of the maximum exothermicity number, Exyax,
during the scale-up process. Straight lines represent minimum and maximum dimensionless initial

. T T . . . .
0 target temperature equations —=>=1+1.05-2 E, with 1o and y in usual industrial ranges.
% 4
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Figure 3. (A) DSC thermal characterization of 4-chloro BTF in nitrogen. Sample amount: 3.57mg;
heating rate: 10°C/min; temperature range: 30-280°C.

(B) DSC thermal characterization of 4-chloro BTF in static air. Sample amount: 3.81mg; heating
rate: 10°C/min; temperature range: 30-280°C.

(C) DSC thermal characterization of 4-chloro, 3-nitro BTF in nitrogen. Sample amount: 3.92mg;
heating rate: 10°C/min; temperature range: 30-280°C.

(D) DSC thermal characterization of 4-chloro, 3-nitro BTF in static air. Sample amount: 3mg;
heating rate: 10°C/min; temperature range: 30-280°C.
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34 Figure 4. ARC thermal characterization of the final reaction mixture. Sample amount: 2.55g. Initial
35 temperature: 30°C.
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Figure 5. Adiabatic (ARC) experiments at different stirring rate for the determination of the reaction

microkinetics.
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Figure 6. Adiabatic (RC1) experiment for the determination of the reaction microkinetics. Stirring
speed: 500rpm. Experimental and best fit temperature-time profiles.
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Figure 7. Experimental and simulated temperature-time profiles for operating conditions
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individuated from optimization procedure at the RC1 scale.
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